Controlled vertical drying deposition method was used to make high-quality single crystal close-packed colloidal films formed of different radii polystyrene latex spheres on glass substrates coming from a low concentration water suspension ͑0.1% volume fraction͒. Regardless of the spheres radii the film thickness was about 6.3 microns. However, cracks destroyed the crystalline film structure during the colloidal film growth. The effect of particle radius ͑85-215 nm range͒ on film cracking was systematically studied using in situ optical fracture monitoring. Primary parallel cracks run along the vertical growth direction, later followed by secondary branched cracks in-between the primary cracks due to residual water evaporation. Quantitative theoretical relationship between the cracks spacing and particles radius was derived and shows good agreement with experimental observations. Normalized cracks spacing is related to a reciprocal ratio of the dimensionless particle radius.
I. INTRODUCTION
Over the last few years colloidal crystals have attracted researchers' attention due to their potential applications in photonics ͓1-4͔. Meanwhile there are many methods ͓5-9͔ that could be used to form colloidal crystals, such as sedimentation and controlled vertical drying deposition ͑CVDD͒ ͓5͔. Among these methods, CVDD has lately become one of the most favorable, since it is capable of precisely controlling the film crystal structure and producing high-quality colloidal crystals. This method can be easily realized by placing the substrate either vertically or tilted in a dilute suspension of monodispersed particles. As the liquid evaporates, a largearea face-centered-cubic ͑FCC͒ crystalline film is deposited on the substrate at the contact line with the suspension meniscus. The crystalline film is formed due to interactions among the colloidal particles. These interactions include capillary forces, liquid surface tension, tensile stress, gravitational force, electrostatic repulsion, and van der Waals forces ͓10-13͔. Cracks emerging during colloidal film deposition destroy its periodic structure ͓14-16͔. Unfortunately, film cracks cannot be completely avoided at this point and become a bottle neck of CVDD colloidal crystals photonic applications. It is important to understand the cracking mechanism for getting crack-free colloid crystals.
For a long time, cracking in various drying systems has been investigated, including wet clays, ceramic and latex films ͓17-20͔. Model colloidal dispersions were usually used by researchers to study the cracking mechanism. Recently, a fundamental understanding of the cracking mechanism has emerged ͓21-23͔: particles deformation caused by solvent evaporation from the film formed of close-packed particles must be responsible for the cracks formation under given conditions, for example, in the drying process of the film fabricated by CVDD. Deformation theories of the spheres in contact were derived from Frenkel model ͓24͔, Herz theory ͓25͔, Johnson-Kendall-Roberts ͑JKR͒ ͓26͔ or DerjaguinMuller-Toporov ͑DMT͒ approximations ͓27͔: instead of a spot contact, face contact occurred when two touching spheres were compressed by external forces. Then, a relationship between the external force and the strain was obtained based on the JKR theory results. Recently, Routh and Russel ͓28͔ considered viscoelastic deformation of particles pair caused by both interfacial tension and an external force, obtained a macroscopic stress-strain relationship and then Tirumkudulu and Russel ͓21͔ used energy balance analysis to predict crack dynamics: they utilized Griffith's criterion for equilibrium crack propagation along with the stress-strain relationship mentioned above to predict the critical stress 0 for nucleation of an isolated crack and the crack spacing for multiple cracks.
Meanwhile, cracking during drying of a wet film has been observed in diverse systems, mainly by two ways: one is the different shape "droplet" drying experiment ͓19-22,29͔; and the other is the directional drying experiment ͓20,23,30͔. These drying experiments undergo three stages: concentration, gel formation, and consolidation processes. The outcomes strongly depend on the original particles concentration in suspension. Large-area films only form at high particle concentrations ͑20-50 % volume fraction ͓19,21,23,30͔͒. When particle concentration decreases, diversiform drying patterns are formed, including "ring" ͓22,31͔ and "flower" patterns ͓29͔. Also, concentration changes result in not-uniform film structure, where particles are no longer close-packed in these experiments. However, our CVDD experimental system of colloidal spheres is different: ͑a͒ it is capable of growing large-scale crystals from low particle concentration suspensions ͑0.1% volume fraction͒; ͑b͒ without gel formation, the colloidal particles selfassemble to be a film by capillary forces and micro flow at the vicinity of the solvent menisci; ͑c͒ a film with uniform thickness is formed of close-packed spheres. Thus, it is dif-* Author to whom correspondence should be addressed. † landing@imech.ac.cn ‡ wangyr@imech.ac.cn ficult to explain results obtained in this paper only by utilizing the above-mentioned crack-forming theories.
In this article, we report a real-time observation of crack patterns formation in the controlled vertical drying deposition experiment, focusing on the effect of the particle radius on the cracks spacing. For longitudinal cracks, the former conclusions along with the crystal fracture theory were utilized to provide theoretical analysis of the film fracture. Theoretical analysis of the relationship between the cracks spacing and the particle radius shows good experimental correlation. Figure 1 is the schematic diagram of experimental setup. A magnified schematic of the observed region is shown, as well as the image observed at the initial growth stage. To have a comprehensive understanding of the assembly process, large colloid spheres with the diameter of 3 m were used for the observation of the initial assembly process. Cracks formation process by CVDD was observed in a transparent glass cell. Polystyrene latex spheres ͑from Duke Scientific Corporation, California, USA͒ with 85, 110, 150, 180, and 215 nm radii were used in this work. Polystyrene spheres were monodispersed in Milli-Q water with 0.1% volume fraction. The suspension was transferred into a semicylindrical glass growth cell. A 4 ϫ 1.5 mm rectangular, 1 mm thick glass substrate was inserted vertically into the growth cell.
II. EXPERIMENTAL DETAILS
To guarantee good water wetting, the glass substrate and the growth cell walls were cleaned with detergent, followed by immersion in chromic acid for about 24 h. Cleaned glass plates were kept in Milli-Q water for about 8 h, and dried naturally in the clean room environment before experiments. Glass growth cell was kept at 50°C during the experiment. Mean water evaporation rate was about 0.17 g/hour. The observation was focused on the region in the vicinity of the suspension meniscus. A long working distance optical microscope was used to carry out experimental observations. Colloid self-assembly process was recorded with a digital video recorder connected to the microscope camera.
III. RESULTS AND DISCUSSION
The colloidal crystal formation by CVDD is mainly controlled by capillary forces acting among the particles and convection at the vicinity of the liquid meniscus ͓32,33͔ with a high Péclet number. Figure 2͑a͒ is a schematic diagram of the film formation by CVDD. During the film formation process colloidal particles self-assemble at the vicinity of the contact line. The colloidal particles self-assemble to be a uniform film directly on the substrate ͑Fig. 1͒ and the film does not undergo a gel formation process. Further evaporation causes the liquid meniscus at the top layer of the particle network to exert compressive capillary forces on the particle network. The film binds to the substrate and resists deformation in the transverse direction giving rise to transverse tensile stress. Cracks in the film form and release transverse tensile stress. This is different compared with Lee and Routh's experiments ͓22͔ and C. Allain and L. Limat's experiments ͓18͔. Because of the high initial concentration, gel forms as solvent evaporates in their experiments. Capillary tension induces water drainage to prevent air exposure of the particles near the meniscus leading to gel shrinkage. Finally films are formed by gel shrinkage and particles diffusion with further water evaporation often characterized by a low Péclet number. The gel sticks to the cell glass plates which results in high stresses, the origin of the cracks formation. Also, concentration variations during the drying process prevent uniform crystalline film formation.
The film growth of CVDD could be divided into three regions ͓shown schematically in Fig. 2͑a͔͒ : dried region I, partially dried region II, and saturated region III. Figure 2͑b͒ is the real time observation of the colloidal crystal formation ͑110 nm radius particles͒. Cracks form in the partially dried film regions, and the crack-free region is below the saturated region. Unfortunately, the film is so thin that it is very difficult to distinguish between the partially dried and the satu- ticles. It is clear that the vertical fractures are nearly parallel to the growth direction of the colloidal crystal ͓Fig. 2͑b͔͒. Several minutes later, cracks extended to the bottom of the screen and branched ͓Fig. 2͑c͔͒, with branches distributed randomly between the main cracks. Secondary cracks are unrelated to the propagating drying front and emerge later between the existing cracks. Residual water evaporation and residual stress relief are responsible for the crack branches that formed several minutes after the main cracks. Figure 3 shows the mean crack front during the colloidal crystal films growth formed of different radii particles. All growth processes were finished at the same temperature and the mean water evaporation rate was about 0.17 g/h. The cross-sections of five films formed by different radii spheres are shown in Fig. 4 , and their thicknesses are nearly the same ͑h = 6.3Ϯ 0.19 m͒. Cracks in the colloidal crystals with different spheres radii came forth along the film length growth direction. Obviously, as the particle radius increased, the crack spacing decreased and cracks appeared to be denser. From in situ observations of the cracking processes in colloidal crystals formed of particles with different radii and similar thicknesses, we derived a relationship between the crack spacing and the particle radius, which is different from other experiments ͓22,34͔. Komatsu and Sasa ͓34͔ identified the mechanism of how cracks become regularly arrayed and found that the interval between neighboring cracks ͑2W͒ was proportional to the 2/3 power of the film thickness ͑h͒, i.e., 2W ϳ E −1/3 h 2/3 , where E is the Young's modulus of the film if it is independent on the particle radius. Clearly, the crack spacing predicted by Komatsu and Sasa also does not depend on the particle radius, thus does not match our experimental data. Based on Fig. 3 , the crack spacing is more sensitive to the particles radius in colloidal film forming from a suspension without gelation.
On the other hand, Lee and Routh ͓22͔ concluded that the crack spacing was proportional to the particle radius, i.e.,
where 2W is the cracks spacing, is water viscosity, ⌽ is the solid phase volume fraction, 0 is the dispersion viscosity, ␥ wa is water surface tension, Ė is water evaporation rate, h is the dried film thickness, and R is the particle radius. Their experiments were performed in a Petri dish, which is different compared with our CVDD system. Film structure and quality are also different, as uniform film did not form in those experiments ͓22͔. Equation ͑1͒ was derived from the experimental data. Thus differences between the two drying systems did not allow our results to match Lee and Routh prediction either. We present theoretical analysis that explains observed cracking phenomena in our CVDD system.
IV. THEORETICAL ANALYSIS OF THE FRACTURE PROCESS
In this paper, we consider a variable shear modulus ͑G͒ that plays an important role in fracture of colloidal crystals formed of viscoelastic or quasielastic spheres. Brown ͓35͔, n , where n Ͼ 0. Thus crack spacing 2W increases with particle radius R, which does not agree with our experimental data. This may be due to the differences between the two experimental systems. Komatsu and Sasa's equation is derived from Allain and Limat's work. The film undergoes gel formation, thus the volume shrinkage is an important factor in the film deformation and fracture processes. In our experiments the film does not form a gel, thus it is similar to a porous film failure during evaporation. Because of these differences Komatsu and Sasa's equation does not apply in our case.
To explain the periodicity of crack patterns observed, Tirumkudulu and Russel ͓21͔ used energy balance analysis to predict crack dynamics for multiple cracks. The total elastic energy, ⌬E, ͑per unit area of the crack surface͒ for multiple cracks is given as
and the stress-strain ͑ 0 − 0 ͒ separation relationship is given as
where k is a constant, ⌽ rcp is the solid volume fraction of the close-packed structure, and M is the number of neighbor particles. In order to obtain the relationship between W and R, one must get the fracture stress 0 by other means. The colloidal films theoretical fracture stress could be estimated based on the theories of crystal fracture. Relationship between the cracks spacing and particle radius cannot be obtained directly from Eqs. ͑3͒ and ͑4͒ because the fracture stress is also unknown. Another approach is needed to predict the fracture stress.
Let's consider colloidal particles interactions effects, which include capillary forces, surface tension, tensile stress, gravitational force, electrostatic interactions, and van der Waals forces. Among the interaction forces, capillary force and surface tension are the largest of the external forces that govern film formation ͓32,33͔ and particles deformation ͓10-13͔. Tensile stress arises from the internal forces due to particles deformation, but gravitational force, electrostatic repulsion, and van der Waals forces are the ones that keep particles together as a whole solid material, and determine the dried film mechanical properties. Based on the literature results ͓10-13͔, gravitational force and electrostatic repulsion in colloid films are much smaller than the van der Waals interactions, thus they can be neglected.
CVDD is one of the most important methods for fabricating 3D colloidal crystals with unique particles arrangement. As a result of the experiments presented in this paper, a series of FCC structured films was made ͓38͔. Thus, we assume that the film cracks along the ͑110͒ crystallographic planes, since cracking along a different set of planes will only bring a constant coefficient to our results. Figure 5 shows FCC crystal structure of the film. A unit cell in the film that is under stress 0 will have the stored elastic energy of 6 ͱ 2 0 R 2 dr, and the total attractive energy between two surfaces would be 3 2 ‫ץ‬U ‫ץ‬Z 0 dr. Here, r is the distance between centers of two contact spheres, ‫ץ‬U ‫ץ‬Z 0 is the van der Waals attractive force between the two contact particles and Z 0 is the minimal distance between the particles. Thus, the necessary condition for crack propagation is
The van der Waals attractive force of two contact particles can be obtained from Ref. ͓39͔,
where A is the Hamaker constant and a is the deformation contact radius. Eckersley and Rudin ͓37͔ predicted particles deformation contact radius a under closed packing conditions:
Substitution of Eqs. ͑6͒ and ͑7͒ into Eq. ͑5͒ yields 
is the theoretical value of the critical stress. The actual stress is always smaller than the theoretical value because of the presence of lattice defects and microcracks between particles, which can significantly decrease the structural strength of the colloidal crystal. It is reasonable to assume that the actual colloid crystal fracture stress will be at least twice less than the theoretical strength. For example, according to Tirumkudulu and Russel's results ͓Eqs. ͑3͒ and ͑4͔͒ for 110 nm particles radius, colloid crystal strength would be 1.77ϫ 10 5 Pa. Meanwhile, the theoretical critical stress predicted by our theory is 4.48ϫ 10 5 Pa. Thus, we take
as the real critical stress here. For equilibrium crack propagation, the total elastic energy recovered must balance the increase in interfacial energy. Since the van der Waals attractive energy per unit area ͑⌺U͒ is much smaller than the interfacial energy between water and air ͑␥ wa ͒, i.e., ⌺U Ӷ 2␥ wa , water surface energy plays the dominating role. The energy balance can be written as
͑10͒
Substitution of Eqs. ͑1͒-͑3͒ and ͑9͒ into Eq. ͑10͒ yields
In order to make Eq. ͑11͒ dimensionless, we take W = 
in the normalized form. Figure 6 shows theoretical relationship between W and R from Eq. ͑12͒. Points a-e are experimental values for 85, 110, 150, 180, and 250 nm particles radii, respectively. It is clear that W is a reciprocal ratio to R , while this effect gets weaker as the particle radius is gradually increased. It is evident that the estimation from Eq. ͑12͒ is close to the experimental data, indicating that the empirical equations formulated in this paper can be used to predict the relationship between crack spacing and particle radius of single crystal film with FCC structure formed by the CVDD method. The agreement also suggests that the assumptions used to obtain Eqs. ͑11͒ and ͑12͒ from Eq. ͑2͒ are reasonable, and the variable shear modulus indeed plays an important role in fracture of colloidal crystals formed without gelation. 
V. CONCLUSIONS
In conclusion, controlled vertical drying deposition of solid films formed of polystyrene latex spheres was studied. Real-time observations of crack growth indicate that the cracks extend along with the film vertical growth direction. As water evaporation continues after the film formation, vertical cracks run parallel because of the stress gradient, which points outwards from the liquid region. Then later, secondary cracks appear between the existing cracks, caused by the system self-aggregation, residual water evaporation and stress relaxation.
Based on the force analysis, it was concluded that the film strength arises from the van der Waals forces acting among the particles. For longitudinal cracks, the former conclusions along with the crystal fracture theory were utilized to provide theoretical analysis of the film fracture. As a result, Eq. ͑11͒ was derived, and includes major factors, such as film thickness, particle radius, water surface tension and the film structure. Finally, Eq. ͑11͒ was presented in the dimensionless form to predict the crack spacing dependence on the particle radius ͓Eq. ͑12͔͒. The dimensionless crack spacing W is a reciprocal ratio of the dimensionless particle radius R , and this effect gets weaker as the normalized particle radius is gradually increased, which shows an excellent agreement with experimental observations. Variable shear modulus plays an important role in fracture of colloidal crystals formed without gelation.
